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ABSTRACT

Author: Tursyn, Yerbatyr, D. MSME
Institution: Purdue University
Degree Received: December 2017
Title: The Flame Spread Measurement of Aviation Fuels
Major Professor: Jay Gore
The study of a fire spread has always been very challenging and complex subject. Several
properties of fire such as its flame spread rate, burning rate and radiation feedback should
be known prior to any fire extinguishment operation. In this study, the flame spread rates
of different liquid fuels are investigated at different initial temperatures using a novel
temperature controlled experimental apparatus. Flame spread rates and different flame
spreading regimes have been measured and analyzed for the conventional fuel Jet-A and
three other alternative aviation fuels based on the processes such as Fischer-Tropsch- S8
(FT-S8), synthetic iso-paraffin (SIP) and hydro-processed esters and fatty acids (HEFA).
A propane torch was used as an ignition source for the tests below the flashpoint of the fuel
and an Nd:YAG laser was used as an ignition source for the tests above flashpoint of the
fuel. Sixteen k-type thermocouples are installed along the length of the pan at equal
distances to measure transient liquid-phase and gas-phase temperatures. Three differe nt
cameras namely, a Phantom v7.1 black and white high-speed camera, a Canon low-speed
color camera, and a FLIR SC6100 high-speed infrared camera were used for recording
flame propagation, measurement and calculation of the flame spread rate for the test fuel.
Experiments were conducted for a wide range of liquids’ initial fuel temperatures ranging
from 25°-100°C for Jet-A, HEFA, FT-S8 based jet fuel and from 110-130°C for SIP based
jet fuel. Flame spread rate for all fuels increased exponentially with increasing fuel’s initia l
temperature. Flame spread rate is as low as ~6 cm/sec for Jet-A, HEFA, FT-S8 for 25°C
initial fuel temperature and goes to as high as 160 cm/sec for 80°C initial fuel temperature.
For SIP based jet fuel, flame spread rate is ~160 cm/sec for initial fuel temperature of
128°C.
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1. MOTIVATION AND OBJECTIVES

1.1

Motivation

Flame spread along liquid fuel has been one of the important combustion phenomena that
still requires more in depth research to understand the physics behind it. To put it simply,
flame spread rate determines how fast the flame spreads along the fuel surface and it is an
important physical property of any fuel for fire safety purposes. Flame spread along the
fuel surface could be involved in various incidents such as in an accidental fire in the wing
compartment of the aircraft, fuel storage tanks, or even an oil spill. The wing compartment
of the aircraft is widely used for the fuel storage purposes in conventional aircrafts, which
makes the airplane wings one of the most hazardous areas in the aircraft. Therefore,
knowing the flame spread rate of an aviation fuel is important in order to prevent the fire
in a timely manner. In addition, flame spread measurements of current and future aviation
fuels using the lab scale devises could be very helpful in predicting the flame spread during
the large-scale fire incidents.

Previous works have shown that the flame spread rate is a high function of an initia l
temperature of the fuel and dependent on the flashpoint temperature of the fuel [1-29].
Flame spread could involve both liquid and gas phase heat transfers which makes this
phenomenon more complex compared to flame spread along the solid. There are two main
phases of the flame spread along the fuel surface. One is gas phase and another is liquid
phase controlled flame spread. The liquid phase controlled flame spread occurs when the
initial temperature of the fuel is below flashpoint, thus requiring heating of the liquid
surface to create enough vapor for a flame spread. It has been observed that there are three
different regimes during the sub-flash flame spread; a pseudo-pulsation, pulsation and
uniform regimes. The gas phase controlled flame spread occurs when the initia l
temperature is above flashpoint, which creates enough vapor at the surface of the fuel for
a flame spread. Usually the gas phase flame spread is uniform and above 100 cm/sec and
liquid phase flame spread rate is below 10 cm/sec. Therefore, it is essential to determine
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those critical temperatures between each flame spread regime as every type of fuel has
different critical temperatures depending on the properties of the fuel.

1.2

Objectives

To understand the complexity of the flame spread phenomena for different fuels, it is
important to select appropriate experimental apparatus to study this phenomenon and
perform multiple experiments for different fuels to verify and determine the flame spread
regimes and critical temperatures. Therefore, the objectives of this study are presented as
follows:


Review of the previous studies about the flame spread rate measurements over the
liquid fuels.



Design and construct a reliable and accurate experimental apparatus to study the
flame spread rate of aviation fuels for different initial temperatures.



Study the flame spread phenomenon of current conventional aviation fuel Jet-A and
alternative aviation fuels such as Fischer-Tropsch-S8 (FT-S8), synthetic isoparaffin (SIP) and hydro-processed esters and fatty acids (HEFA).
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2. LITERATURE REVIEW

The study of real scale pool fires could be expensive and not environmentally friendly; the
lab scale size of the pool will be required in order to study the flame spread rate along the
fuel surface without the effects of the boundaries of the pool. Therefore, this chapter starts
with the overview of different types of experimental apparatuses used by previous
researchers. Next, Section 2.2 discusses about the testing pan size effects on the flame
spread rate in the laboratory environment. Section 2.3 presents different experimenta l
results of the flame spread for hydrocarbon fuels and alcohols. The two subsections of
section 2.3 presents the close review of different phenomena associated with two differe nt
phases of flame spread along the fuel surface.

2.1

Previous Experimental Setups

There are several works done to determine the flame spread rate of hydrocarbon fuels and
alcohols. Japanese scientist Kinbara [1] performed one of the first published experime nts
on flame spread along liquid fuels in 1930s. Kinbara studied the flame-spread ing
phenomena for different types of alcohols. However, the flame spread along the liquid fuels
drew more attention from the researchers in the US and Japan after 1970s. Table 2.1 shows
the chronological order of the most important papers that are related to the flame spread
study along the fuels since 1994. The summary table of the experiments done before 1994
could be found in the review done by Howard Ross [2].

The most recent experimental studies of the flame spread were performed by White et al.
[3] and Li et al. [4-9]. Figure 2.1 shows the experimental apparatus used by White et al. in
order to determine the flame spread rate dependent on a temperature for JP-5 and JP-8 fuels.
JP fuels are mostly used in military aircrafts. The size of the stainless steel pan used by
White et al. was 163 cm long, 20 cm wide and a depth of 2.5 cm. Six hot water channels
below the pan were used to maintain a constant temperature of the fuel in the pan.

Table 2.1. Summary of the previous experimental studies of flame spread rate over liquid fuels since 1994.
Authors

White et
al. [3]
(1996)

Fuels
Pan dimensions and
(flashpoint
properties
o
in C)
JP-5 (63o C) 163 cm long, 20 cm
JP-8 (39o C) wide, 2.5 cm deep
stainless steel pan.

Initial fuel
temperature
range (o C)
10-90

Ignition source and other
instrumentations






Degroote
et al. [1014]
(20002005)

Methanol
(11o C)
Ethanol
(13o C)
2-propanol
(25o C)
1-butanol
(39o C)

-11-30






Propane torch was used
as an ignition source.
Two thermocouples were
used to monitor the
temperature of the pan.
Two recorder with 30
frames per second was
used to capture the flame
spread.
6 liter fuel heating vessel
was used to preheat the
fuel.



Ignition source is not
specified.
8 thermocouples were
installed in the pan in
order to study gas phase
flame propagation.
Video recordings and
imaging techniques were
used to study the flame
front propagation.









Flame spread rate for
JP-5 and JP-8 for
various initial
temperatures from
10o C to 90o C.
Induction time as
function of initial fuel
temperature, also
different critical
transition temperatures
were found for JP-5
and JP-8.
Different mixtures of
JP fuels were also
studied.
Pulsation effect during
the flame spread was
investigated for
different alcohols.
Critical transition
temperatures were
determined for
different flame
spreading regimes.
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Two pans with different
sizes were used. First one
was 40 cm long, 4 cm
wide and 2.5 cm depth
and the second one was
100 cm in length, 1.5 cm
in width and 3.4 cm in
depth. Aluminum and
Pyrex walls were used to
study wall material effect
on the flame spread.

Findings

Table 2.1 (continued).
Li et al.
[4-9]
(20142017)

Aviation
kerosene RP5 (66o C)
0# diesel
(75o C)

163 cm long, 4 cm wide,
10 cm deep pan with
Pyrex windows equipped
on both sides of the
middle part of the pan.

~16 - ~100







The fuel was ignited with
the small amount of
heptane at one end of the
pool.
Lateral CCD, thermal
infrared cameras were
used to measure the
flame temperature.
Nine R-type
thermocouples were
installed to measure the
liquid and gas phase
temperatures.







Flame spread rates of RP5 and #0 diesel was found
as a function of initial
temperature.
Variation of sub-surface
flow length was
discovered as a function
of initial temperature and
flame spread rate of #0
diesel was studied at
different attitudes for
different initial
temperatures.
Pulsating behavior of the
flame spread across nbutanol was studied in
detail.
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In addition, a hot water heater was implemented to heat up the fuel to the required
temperature before pumping it into the pan. Then, the flame spread was measured using a
video camera recordings looking frame by frame from one end of the pool to another.

Figure 2.1. Experimental apparatus for determining flame spread rate by White et al. [3].
Another experimental apparatus was built by Li et al. in order to study the flame spread
rates for aviation kerosene and diesel. Figure 2.2 shows the experimental apparatus
designed by Li et al. The dimensions of the pool were 100 cm in length, 4 cm wide and 10
cm deep. They ignited the pool by using a small amount of heptane at one end of the pool,
and then recorded the flame propagation using a lateral CCD camera and a thermal IR
camera. A rainbow Schlieren deflectometer was used to record the tip of the flame spread
using a CCC camera. A thermal IR camera installed above the pan was to measure the
liquid surface temperature.

Figure 2.2. Experimental apparatus by Li et al. for determining flame spread rate [4].
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The Spanish research team, Degroote et al. [10-14], had also performed multip le
experiments on the flame propagation along the liquid fuels. They studied flame spread for
four different aliphatic alcohols such as methanol, ethanol, 2-propanol and 1-butanol. They
used two different pan sizes to study flame spread along abovementioned alcohols. In
addition, they used aluminum and Pyrex as the wall materials to study the effect of the wall
material on flame spread. The sizes of the testing pans were 40 cm in length, 4 cm in width
and 2.5 cm deep, and 100 cm in length, 1.5 cm in width and 3.4 cm deep. Tests were
performed in a quiescent environment at room temperature close to 21 o C. Refrige ra nt
circuit below the pan were used in order to control the initial temperatures of the alcohols.
Lastly, Degroote et al. used composite imaging technique to study the flame front
propagation and 8 different thermocouples to study gas phase flame evolution along the
fuel surface.

2.2

Pan Size Effects on the Flame Spread

Burgoyne and Roberts [15-17] were one of the first researchers who studied the effects of
the size of the pan on flame spread rate. They studied the flame propagation for differe nt
pan widths and fuel depths using isopentanol. Pan widths of 2.5 cm, 3.3 cm and 6.3 cm
were used to study the effect of pan width to flame spread rate at various initia l
temperatures, and it was concluded that width had no effect for higher temperatures where
the gas phase flame spread regime was observed. However, they observed a difference in
flame spread rate for different pan widths for lower initial temperatures. In addition, no
significant flame spread differences was reported by Burgoyne and Roberts for the fuel
depths from 0.1 cm to 0.5 cm for the fuels above flashpoint. Therefore, Burgoyne and
Roberts concluded that pan dimensions did not play a significant role for the gas phase
flame spread in determining flame spread rate, however, the effect of pan sizes for flame
spread at lower temperatures needed further study.

Mackinven et al. [18] also studied different pool fire factors and sizes affecting the flame
spread rate. They have done experiments using mostly n-decane. Mackinven et al. have
determined that the width of the pan up to 20 cm had highly influenced the flame spread
rate because of the viscous drag effect on the walls, and there was only a slight change in
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the flame spread in a 20 cm to 80 cm width of the pan. The effect of the different pan wall
materials has also been studied as an effect on a flame spread rate. The use of an aluminum
wall had showed less flame spread rate than the use of Pyrex walls because of the thermal
conductivity difference between both materials that effect the heat losses to the wall. The
left image in figure 2.3 shows the effect of the pan width on the flame spread rate for
different wall materials.

Figure 2.3. Effect of the pan width to the flame spread rate (left), effect of the pan depth
to the flame spread rate (right) [18].
In addition, Mackinven et al. studied the effect of the fuel depth on a flame spread rate.
Their experiment was repeated by Torrance [19-20] and it showed similar results. It was
shown that flame spread rate increased as the fuel depth increased on the pan. After 30 mm,
there was not any significant changes on a flame spread rate. It has also been shown that
there was no flame spread when the fuel depth was below 1.5 mm. The right image in
figure 2.3 demonstrates the effect of the fuel depth on a flame spread rate found by
Mackinven et al. Lastly, in the study of the pool dimension effect, Mackinven et al. found
that above 180 cm in tray length there was no significant change on flame spread rate. This
was due to the fact that the flame needed extra space for initiation and extinction whic h
could have affected the flame spread measurements. Figure 2.4 shows the results for
different pan length effect on flame spread rate.
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Figure 2.4. Effect of the pan length to the flame spread rate [18].

2.3

Previous Experimental Results of the Flame Spread Rate for Different Liquid
Fuels

Kinbara and Burgoyne et al. divided the flame spread characteristics into three regimes
depending on the flame spread rates at different initial fuel temperatures. They described
the first regime as a liquid phase regime, which was mainly driven by the preheating
subsurface of the fuel because the fuel was initially below the flashpoint. Second regime
was described as the flame spread rate transition from liquid phase to gas phase where there
was a rapid increase in flame spread rate. Third regime was described as the region of
maximum flame spread because of the high partial pressure of the combustible gases along
the fuel surface, which created an almost stoichiometric mixture with the air. However,
Akita [21-22] did extensive research on flame spread rate propagation along methanol and
observed five different regimes for the flame spread along methanol.

Figure 2.5. Flame spread regimes for methanol described by Akita [22].
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Figure 2.5 shows the five regimes during the flame spread described by Akita. Those
regimes are pseudo-uniform, pulsating region, uniform region, transition and pre-mixed
region. Degroote et al. and Li et al. also observed pulsating flame spread behavior for
different liquid fuels including hydrocarbon fuels and other types of alcohols.

White et al. were one of the first who specifically studied flame spread for aviation fuels.
White et al. investigated the flame spread rates for JP-5 and JP-8 at different initia l
temperatures. The results by White et al. are shown in figure 2.6.

Figure 2.6. Flame spread rates of JP-5 (left) and JP-8 (right) fuels as a function of initial
fuel temperature [3].
The results for JP-5 and JP-8 clearly demonstrated a dependence of flame spread rate on
initial temperatures. The flame spread rate slowly increased below the flashpo int
temperature of the fuel, and drastically increased to around 150 cm/sec when the initia l
temperature of the fuel was around 15o C above the closed cup flashpoint. The reason for
this is because below flashpoint the flame is liquid controlled, and above flashpoint, the
flame is gas phase controlled. White et al. used small size foam polystyrene tracers in the
middle of the pan in order to study the movement of the liquid during the flame spread.
They found that there was no liquid movement during the flame spread for the gas phase
flame spread and observed a liquid movement ahead of the flame for the sub-flash
conditions, which was due to the convection below the surface of the fuel during preheating.
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Figure 2.7. Flame spread rates of 0#diesel and RP5 fuels as a function of initial fuel
temperature [4].
The most recent experiments on aviation fuels were performed by Li et al. using RP5
(flashpoint 66o C) and 0#diesel (flashpoint 75o C) fuels. The results are shown in figure 2.7.
The same trend for the flame spread was shown in the results of RP5 and diesel as in the
experimental results of White et al. for JP-5 and JP-8. The threshold for the transition from
liquid controlled phase to the gas phase also occurred around 15o C above the flashpoint of
each fuel.
2.3.1

Flame spread characteristics below flashpoint of the fuel

Mackinven et al. have also done qualitative analysis of the flame spread below the
flashpoint from their observations from the experiments. They tried to explain the flame
spread below the flashpoint using the schematic shown in figure 2.8. A blue flame was
observed in front of the flame, which Mackinven et al. explained as a premixed fuel- air
flame. The reason is that the fuel was initially below the flashpoint, and then the fuel was
heated to its flashpoint from the layer of hot fuel along the surface by creating enough
vapor to premix with the air. Mackinven et al. also observed a pulsation along the length
to back and forth during the flame spread. They explained the reason for pulsation during
the flame spread as due to the difference in firepoint (a temperature enough to sustain the
flame) and flashpoint of the fuel. When the fuel reached the flashpoint, the temperature of
the fuel was not enough to sustain the flame along the surface, therefore, extinguished back
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where the transition flame is. However, they observed a steady flame spread without
pulsation for n-butanol fuel for which flashpoint and firepoint were very close compared
to other fuels. This contradicted their initial explanation regarding the cause of the
pulsation during the flame spread.

Figure 2.8. Schematic of the flame spread along the fuel surface below the flashpoint by
Mackinven [18].
Later, it was shown that the idea of the difference between flashpoint and firepoint was not
the main factor for the pulsation phenomenon as later experiments still showed pulsation
using the alcohols having the same firepoint and flashpoints. Therefore, the cause of the
pulsation during the flame spread was explained by the creation of the gas-phase
recirculation cell in front of the flame, which quickly combusts and quenches back and
forth as the flame spread along the fuel. The detailed schematic of the flame spread below
the flashpoint by Li et al. is shown in figure 2.9.

Figure 2.9. Schematic representation of the flame spread below the flashpoint by Li et al.
[7].
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2.3.2

Flame spread characteristics above flashpoint of the fuel

The gas phase flame spread exist when the initial temperature of the fuel is above the
flashpoint. Fuel vapor will be created along the surface of the fuel, thus creating fuel and
air mixture, which would quickly combust after the ignition of the fuel. Therefore, the
flame spread rate above the flashpoint would be expected to be much higher than the flame
spread rate below the flashpoint. Previous studies by Akita, Mackinven, Burgoyne, White,
Li, Glassman have the gas flame spread rates between 1.3 to 2.2 m/s. Li et al. introduced
two different types of gas phase flame spread depending on the flame spread rate and visual
differences of flame spread. Those regimes are described as super-flash lean and superflash stoichiometric depending on the position of the main yellow flame front compared to
the blue precursor flame. The main yellow flame front propagates slower compared to the
blue precursor flame front during the super-flash lean regime, and matches with the
precursor flame at super-flash stoichiometric regime.
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3. EXPERIMENTAL APPARATUS DESIGN PROCESS

3.1

Experimental Apparatus Criteria

After studying all the previous work done on the flame spread measurements of fuels, the
following criteria has been created for designing novel experimental apparatus for accurate
and reliable measurements of the flame spread of liquid fuels at different initia l
temperatures.
1. The testing pan should be at least 180 cm in length, 20 cm in width and a depth of 2.5
cm in order to measure the flame spread of the fuel without any effect from the size of the
apparatus.
2. The testing pan should be able to keep the fuel contained in the pan close to a steadystate temperature during the experiment.
3. The operational conditions of the fuel should be able to vary from 20 o C to 200° C because
aviation fuels have different flashpoints ranging from around 40 o C to 110o C.
4. The fuel should be preheated in a specific vessel in order to avoid the escape of the light
volatile components of the multicomponent hydrocarbon fuels during the heating process.
5. The source for the ignition should be decided in order to avoid contamination of the fuel
during the ignition, after ignition takes effect on the flame spread, and the ignition source
with the power and size input specified during the ignition, which later could be used in
numerical simulations.
6. Several flame-extinguishing methods should be decided for the safety of the experime nt.

3.2

Brief Overview of the Completed Experimental Apparatus

Complete experimental apparatus consists of the following parts:
1. Main stainless steel testing pan with the dimensions of 180 cm in length, 25 cm in width
and 2.5 cm in depth. The pan has three bottom channels for the thermal fluid to keep the
fuel in the pan at the required temperature during the test.
2. Fuel heating vessel that preheats the fuel to the initial test temperature before the
experiment. The heating vessel is pressurized using nitrogen cylinder during the heating in
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order to keep the light volatile gases from escaping the fuel. Fuel is pumped under pressure
to the main testing pan to perform the test after the fuel reaches the needed temperature.
3. Re-circulator heater Julabo SL-12 which heats and pumps the working thermal fluid to
the bottom of the pan and to the shell of the heating vessel to keep the fuel at the required
temperature.
4. Nd:YAG laser was used to ignite the fuel for the tests with the initial temperature above
the flashpoint and propane torch for the tests below the flashpoint as laser energy was not
sufficient to ignite the fuel.
5. Lid-actuation system and CO 2 extinguishment methods were employed to safely run the
test.
6. Data was collected from 16 K-type thermocouples that was installed along the length of
the pan. Seven of the thermocouples were used to measure the temperature of the liquid
phase and other nine thermocouples were used to measure the temperature of the gas phase
flame spread.
7. Three different cameras were used to record the flame spread phenomenon,
-

Phantom 7.1 high-speed black-white camera (5000 Hz),

-

FLIR SC6100 Infrared high-speed camera (5000 Hz), and

-

Canon T3i Regular visible (30 Hz).
6

1. Test pan

1

2. Lid

5

3. Thermocouples

7

4. Re-circulator heater

2

5. Fuel heating vessel

3

8

6. CO2 fire
extinguisher system

9

4

7. Nitrogen cylinder
8. Video recorders
9. Laser ignition
system
10. Tripods

10
Figure 3.1. Complete CAD model of the experimental apparatus showing every
component.
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1. Test pan
2. Lid
3. Thermocouples
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5. Data Acquisition
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box
6. Laser System

7

7. Fuel heating
vessel
8. Nitrogen cylinder
9. Lid actuation
system power
control
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Figure 3.2. Complete experimental apparatus.
In the following sections, all the major components of the apparatus are discussed in detail.

3.3

Testing Pan

A rectangular stainless steel pan was designed based on literature studies and is 180 x 20
x 2.5 cm ensuring that the resulting data is not affected by the size of the apparatus. The
rectangular pool is shown in figure 3.3. The drawings of the pan are attached in Appendix
A.
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9 liters of Jet-A
Exit ports for thermal
fluid circulation

Thermocouple probes

Figure 3.3. Isometric view of the rectangular pool.
The length of the pool is divided into three different sections for data analysis purposes.
The first 30 cm of the pan are designated to the ignition zone and the last 30 cm of the pan
have been designated to be the end zone and therefore have not been used for flame spread
calculation to minimize the effects of the pool boundaries on the data.

30 cm
Ignition region

120 cm
Flame spread
measurement region

30 cm
Extinction region

Figure 3.4. Front view of the rectangular pool.
The test pan has a volume of 9 liters for the fuel which is maintained at a controlled
temperature on the top section of the pan by a thermal fluid transfer channel with a
stangnant volume of 20 liters of fluid. The top and bottom sections of the pan are shown in
Figure 3.5. The bottom section (thermal channel) is divided into three flow paths in order
to distribute the thermal fluid uniformly along the lenth of the pan. Each side of the bottom
of the pan is welded with a plate with three holes that allows it to pump the thermal fluid
into each flow path from the re-curculator heater. The re-circulator heater will be discussed
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later in the next section. There is also one half-inch hole at the top section of the end plate
to allow the fuel to fill and drain during the test.

Figure 3.5. The CAD models of top (left) and bottom (right) sections of the pan.
The top section of the pan also contains sixteen holes for thermocouple inputs in order to
measure the liquid and gas phase temperatures of the flame spread. There are ten gas phase
and 6 liquid phase thermocouples installed on the pan. The distance between each gas phase
thermocouple is 15 cm which is used in flame spread calculation using gas phase
thermocouple responses. The liquid phase thermocouples are used in order to control the
temperature of the fuel during testing and also could be used to detect the sub flow
temperature variations during the flame spread.

3.4

Re-circulator Heater

Thermal fluid with a high boiling point is used to control the temperature of the fuel in the
pan and the fuel heating vessel. The thermal fluid is pumped into the conditioning channels
by a pump that receives the fluid from a re-ciculator heater and distributes it into two paths.
The first path is for conditioning the temperatures of the test pan and the second path is for
maintaining the temperature of the fuel storage tank. A Julabo re-circulator heater is being
used to meet the experiment requirements.The Julabo re-ciculator heater SL-12 can operate
at temparature ranges from 20o C to 300o C with a temparature stability of 0.01o C. The pump
flow rate capacity can vary from 22-26 liters per minute with a pump capacity flow pressure
of 5.8 psi to 10.2 psi. In addition, the thermal fluid (C20S) was also ordered from Julabo
which has a boiling point above 250o C and can work at temperature range 0 o C to 220o C.
Therefore, theoretical range for flame spread measurements could be done at initia l
temperatures from 20o C to 220o C.

19

3.5

Fuel Heating Vessel

The fuel is preheated in a jacketed stainless steel pressurized vessel in order to decrease the
heating time to a certain initial temperature. The vessel is pressurized with N 2 so that the
light fuel volatiles do not escape into the environment while the fuel is being heated. A
heat transfer fluid (silicone thermal fluid C20S) is supplied to the jacket surrounding the
pressure vessel to heat the fuel. The heating vessel can contain up to 10 liters of fuel which
is enough to fill the pan. The image of the heating vessel is shown in figure 3.6 and the
drawing is attached in Appendix A.

Figure 3.6. Fuel heating vessel.
3.6

Fuel Ignition System

A Nd:YAG laser was used to focus 130 mJ energy per pulse at the fixed ignition location
above the liquid surface for each test. The specifications of the laser are shown in table 3.1.
Table 3.1. Laser specifications.
Model
Energy
Repetition rate
Pulse duration
Beam divergence
Beam diameter
Beam shape

Spectra-Physics Quanta-Ray GCR200 PIV400-10 (Double-head Doublepulsed Q-switch Nd:YAG laser)
max 400 mJ/pulse at 532nm
10 Hz
5-10 ns
< 0.5 mrad
1 cm
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A complete ray diagram of the laser is shown in figure 3.7. It can be seen that multip le
mirrors and lenses were used in order to point the laser beam into the ignition area close to
the surface of the fuel.

L2
L1

L3

Ignition
location

Pan

Figure 3.7. Ray diagram for laser ignition.
A few screen shots of the laser ignited fires at various stages of development and spread
are shown in figure 3.9.

t = 0 second

t = 0.10 seconds

t = 0.13 seconds

t = 0.25 seconds

t = 0.50 seconds

Figure 3.8. Laser ignition of Jet-A captured with visible cameras.
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For the testing images shown in figure 3.8, the fuel’s initial temperature was 60°C. Laser
at 130 mJ was focused at 2 mm above the liquid pool surface.

3.7

Fire Extinguishment Methods

Two different types of fire extinguishment methods are used for the tests. Firstly, a lidactuation system is employed to extinguish the fire. In this system, a lid is controlled
autonomously closed once the fire reaches the other end of the pool. If the fire doesn’t
extinguish after closing the lid, then CO 2 fire extinguishment system is used to extinguis h
the fire. Both fire extinguishment methods are discussed below.
3.7.1

Lid actuation system

A lid-actuation system is installed to extinguish the flame as soon as fire spreads across the
pool. A lid-actuation system consists of a pneumatic double-acting cylinder connected to
the lid. Air-inlet ports in the pneumatic cylinder is connected to a 4-way solenoid valve to
control the movement of the pneumatic cylinder.

Pneumatic

cylinder

4 way
solenoid valve

Figure 3.9. Lid-Actuation system.
3.7.2

CO2 extinguishment

The CO 2 fire extinguisher system shown in figure 3.10 is installed along the length of the
pool at a height of 2 feet to extinguish the fire in case the fire still persists after closing the
lid. The CO2 fire extinguishing system consists of 6 full-cone spray nozzles with a 0.10”
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orifice diameter, and a spray angle of 60° and the distance between each spray nozzle is
12”.

Spray Nozzles

Figure 3.10. CO 2 fire extinguisher system.

3.8

Issues with the Fabrication of the Previous Pan

The testing pan had several issues after it was fabricated the first time. Those issues were:


The thermocouple holes were drilled incorrectly. There were a number of leakage
points from the bottom pan to the top pan at the location of each thermocouple hole.



The plate between the bottom and top pan was bent which created a height
difference of the fuel along the length of the pan up to 20 mm.



The output for the drainage connection was welded uphill which did not allow any
fuel drainage.

Pan fabrication for the second time was successful and lead to successful experiments. The
results of the Jet-A, HEFA, FT-S8 and SIP fuels are discussed in Chapter 4.
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4. EXPERIMENTAL RESULTS

4.1

Test Fuel Properties and Test Matrix

The flame spread rates of Jet-A, Fischer-Tropsch-S8 (FT-S8), hydro-processed esters and
fatty acids (HEFA), synthetic iso-paraffin (SIP) were measured at a range of controlled
fuel pool temperatures. The properties of those fuels are listed in table 4.1.
Table 4.1. Fuel properties.
Fuels

Density at 15oC
(kg/m3 )

Flashpoint
(o C)

Boiling point
range (o C)

Auto-ignition temperature
(o C)

Jet-A
FT-S8
HEFA

805
750
784.5

38
40
38

138-300
136-N/A
144-280

210
N/A
N/A

SIP

770

110

198-N/A

197

High and a low-speed video cameras were used for the tests with all fuels. Later, a highspeed infrared camera was used as an additional source to record the flame spread rate for
HEFA and SIP fuels. Three liquid phase temperature monitoring thermocouples and nine
gas phase temperature monitoring thermocouples were used to monitor the time history of
temperatures at various spatial locations. Table 4.2 below summarizes the tests conducted
for the four fuels

with different liquid temperatures above flashpoint using the laser

ignition.
Table 4.2. Test matrix for fuel initial temperature above flashpoint.
Initial Temperature (°C)
Fuel
(Flashpoint o C)

Test 1

Test 2

Test 3

Test 4

Test 5

Test 6

Test 7

Test 8

Jet-A (38 o C)

80

7

60

55

-

-

-

-

FT-S8 (40 o C)

100

90

80

70

60

56

54

52.5

HEFA (38 o C)

90

80

70

60

-

-

-

-

SIP (110 o C)

128

124

122

120

117

113

-

-

The test matrix starts with an initial temperature of the fuel significantly higher than the
flashpoint with stepwise reductions until a point of no ignition is reached. In addition to
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the test matrix shown in table 4.2, every fuel was tested below the flashpoint at the room
temperature (T = 25o C) using propane torch as an ignition source. The results of the testing
at T = 25o C will be discussed in the section 4.5.

Details of the high-speed and low-speed video and thermocouple measurement systems
and an interpretation of the results in terms of the flame spread rate at various initial fuel
temperatures are discussed using the HEFA fuel as an example. The procedures for the
three other fuels are identical and additional results are attached in the Appendices D-G.
Lastly, the results of all four fuels are compared among each other in section 4.10.

4.2

High-speed and Low-speed Video Data Analysis

A Phantom 7.1 high-speed camera and a Canon T3i low-speed visible camera were used
to record the flame spread for all fuels. For both the high-speed and the low-speed videos
a common threshold of luminosity was established as the leading tip of the flame
independent of the fuel type. Figure 4.1 shows images of the pool fire apparatus obtained
with the high-speed camera (HS) and the low-speed visible camera (VS). Nine gas phase
thermocouple locations are labeled with yellow pointers in both figures.

The distance

between the centrally placed gas phase thermocouple is 15 cm. The first 30 cm of the pan
are designated as the ignition zone and the last 30 cm of the pan have been designated as
the end zone and therefore have not been used for flame spread calculation to minimize the
effects of the pool boundaries on the data. The overall flame spread rates were calculated
by dividing total distance from the first gas phase thermocouple to the last (ninth) gas phase
thermocouple which is 120 cm by the time it takes for the flame to spread across that
distance. Binary combinations of successive two thermocouples were also measured as
additional estimates of the spread rates. There was no significant difference between the
flame spread rates values using the total distance or individual combinations of gas phase
thermocouples, which means that flame was propagating steadily along the length.

25
HS

VS

Figure 4.1. High-speed (HS) and visible camera (VS) images showing specific gas phase
thermocouple locations.
Figure 4.2 shows representative high-speed B&W and low-speed color visible frames from
the videos with t=0 designated as the time of arrival of the flame at the TC locations
designated by their number # (TCG#). The fuel is HEFA at 80 o C.

Based on the high-speed and low-speed camera analysis of the flame arrival, flame spread
rate for HEFA fuel at the initial temperature of 80°C is estimated to be 146.3 cm/sec from
the high-speed

camera measurement

and 144 cm/sec from the visible

camera

measurements. These differences are within the uncertainty limits allowing us to conclude
that both camera speeds are adequate for comparing the effects of fuel type and fuel
temperature on the flame spread rate within the range considered here.
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TCG_1: HS (t = 0 sec), VS (t = 0 sec)

TCG_3: HS (t = 0.22 sec), VS (t = 0.23 sec)

TCG_4: HS (t = 0.34 sec), VS (t = 0.33 sec)

TCG_5: HS (t = 0.43 sec), VS (t = 0.43 sec)

TCG_7: HS (t = 0.63 sec), VS (t = 0.63 sec)

TCG_9: HS (t = 0.82 sec), VS (t = 0.83 sec)

Figure 4.2. Pairs of high-speed (top) and regular visible (bottom) at identical times
following t = 0.00 sec defined as the time of arrival at the TCG_1 location, which is 30
cm from the left edge.
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Every test above the flashpoint was preceded with the blue flame, which is called a
precursor flame in the previous literatures. Each blue precursor flame is followed with main
yellow flame, which can be considered as a diffusive flame. Figure 4.3 highlights the
effects of initial fuel temperature on the progress of the main yellow flame and precursor
flame at identical times after ignition of HEFA fuel fires. It can be observed that precursor
flame spread rate is almost the same at different initial temperatures; however, the spread
rate of the main yellow flame front slowly rises by increasing the initial fuel temperature
and eventually catching up with the precursor flame for the super-flash stoichiometr ic
conditions.
T = 60o C

M ain yellow
flame front

Precursor flame
line

T = 70o C

T = 80o C

T = 90o C

Figure 4.3. High-speed video frames of HEFA flame at 0.8 seconds for different initial
temperatures.
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4.3

Liquid and Gas Phase Temperature Responses

Figure 4.4 and figure 4.5 show the responses of three liquid phase thermocouples and the
nine gas phase thermocouples for the HEFA fuel at an initial temperature at 80°C. The
depth of the fuel was maintained to be 24 mm, the liquid phase thermocouples were located
at 10 mm below the liquid fuel surface, and the gas phase thermocouple tips were located
at 12 mm above the liquid fuel surface. From figure 4.4, no significant temperature
fluctuations could be observed as the gas phase propagation is dominant above flashpo int.
Therefore, the flame quickly burned the fuel vapor generated along the surface without
creating a sub fuel surface motion that can produce temperature variations below fuel
surface.

The flame spread rates and the fire growth with the higher fuel temperatures are such that
some of the gas phase temperature begin to rise within the first 0.5 seconds as seen in figure
4.5. Therefore, the gas phase thermocouple response times are not adequate for estimating
the spread rates for the flame spread above flashpoint of the fuel.

Figure 4.4. Liquid phase thermocouple responses for HEFA fuel at 80 o C.
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Figure 4.5. Gas phase thermocouple responses for HEFA fuel at 80 o C.
In section 4.5, gas phase thermocouple results will be discussed for the tests with the initia l
temperature below flashpoint where the flame spread rate is slow enough to create clear
and easily distinguishable temperature rise for each gas phase thermocouple. Although
some of the gas phase thermocouple responses were inadequate for the tests above
flashpoint, the first and the last thermocouple responses were used to determine the flame
spread rate and compared to other high and low speed video and infrared video data. Those
results are discussed in section 4.6.

4.4

Infrared Camera Data Analysis

SC6100 FLIR infrared camera was used as an additional source to record and measure the
flame spread for HEFA and SIP fuels. Figure 4.6 shows five different IR camera frames
for flame approaching specific thermocouple location as specified in the images. Arrival
time of the flame tip as captured by IR camera at each thermocouple location was used in
order to measure the flame spread rate knowing the distance between each gas phase
thermocouple as 15 cm. The flame tip represented in the IR images might not show the
actual luminous flame tip as IR camera captured the radiation intensity from CO 2 and soot
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using the specific filter for each test. Table 4.3 shows the specifications of the filter that
was used for the IR camera recordings.
Table 4.3. Infrared camera filter specifications.
Filter
number
CO2 +soot

Filter
Central
type
wavelength (μm)
Narrow
4.3773
bandpass

Half-width halfmaximum (μm)
0.0772

Max
Transmission
0.523

Half max
transmission
0.2615

However, the flame tip represented in IR camera images were shown to be close to the
actual luminous flame tip using high-speed camera and IR camera synchronizatio n.
Therefore, IR camera could also be a reasonable method to measure the flame spread rate
of the fuels.

Figure 4.6. Infrared camera images showing the arrival of the flame at the specific
thermocouple location for HEFA fuel at initial temperature 80 o C.
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4.5

Flame Spread Rate Results for HEFA Fuel Below the Flashpoint

All four fuels were tested close to the room temperature at the initial fuel temperature 25 oC
using propane torch as an ignition source because the energy from the laser was not
sufficient to preheat the fuel surface to create enough vapor to initiate the ignition. Highspeed, low-speed camera recordings and thermocouple data were used to determine the
flame spread rates for each fuel. Thermocouple data was suitable for flame spread
measurements below the flashpoint as the flame spread was much slower than the flame
spread rate for the initial fuel temperature above the flashpoint, thus creating easily
distinguishable data points at the temperature rise as the flame approached the gas phase
thermocouples. Thermocouple data for HEFA fuel at 25 o C is shown in Figure 4.7.

Flashpoint (40o C)

Figure 4.7. Gas phase thermocouple responses for HEFA fuel at initial fuel temperature
25o C.
Figure 4.7 depicts the temperature rise for the nine gas phase thermocouples after the flame
arrives to the specific gas phase thermocouple location. For every temperature versus time
data, the time for a slope change in the gas phase thermocouple was identified with the
arrival of the leading edge. Then, flame spread rate was measured between each
thermocouple dividing the distance between each gas phase thermocouple to the time for
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the flame to spread from one thermocouple location to another. Initially, only the time at
the thermocouple rise was selected to measure the flame spread rate of the fuel based on
the thermocouple data. Later in the data analysis process, the time at the intersection of
each thermocouple response with four different constant temperature lines (flashpo int
(40o C), 100o C, 200o C and 300o C) were also selected on the graph to compare the values of
average flame spread rates for different constant temperature lines. It was found that the
flame spread rates did not depend on the time selection at any constant temperature line up
to 200o C. Above 200o C, the thermocouple responses were fluctuating a lot because of the
turbulence at high temperatures.
t = 0 seconds

t = 0 seconds

t = 5 seconds

t = 5 seconds

t = 10 seconds

t = 10 seconds

t = 15 seconds

t = 15 seconds

t = 20 seconds
t = 20 seconds

t = 25 seconds

t = 25 seconds

Figure 4.8. Visible (left) and high-speed (right) camera video frames for HEFA fuel at
initial temperature 25o C and time-steps between 0 to 25 seconds.
Using the time at the temperature rise for each gas phase thermocouple, average flame
spread rate for HEFA fuel was found to be around 5.33 cm/sec at the 25 o C which is much
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slower compared to the flame spread rates above flashpoint. Slight pulsation of the flame
back and forth was also observed at this temperature, which requires further study.

Next, the same procedure for high-speed and low-speed video analysis were employed to
determine the flame spread rate for HEFA fuel at 25 o C. Figure 4.8 represents the low-speed
and high-speed camera frames respectively at the specific time as noted at the corner of
each frame. Time (t) was set to zero seconds at the arrival time of the flame to the first gas
phase thermocouple. From high speed and low-speed data, the flame spread rate for the
HEFA fuel is calculated to be 5.16 cm/sec 5.21 cm/sec respectively, which is in good
agreement with the thermocouple data ( 5.33 cm/sec).

4.6

Hydro-processed Ester Fatty Acids (HEFA)

Figure 4.9 shows the flame spread rates for HEFA fuel using the low-speed, high-speed
and infrared cameras, also using the first and the last gas-phase thermocouple responses.
High-speed, low-speed and infrared camera results are in a good agreement, varying up to
10 cm/sec from each other. However, thermocouple responses are showing inaccurate
results compared to other three measurement methods. As it was mentioned previously, it
can be concluded that thermocouple data is not suitable for the flame spread measureme nts
above the flashpoint.

Figure 4.9. Flame spread rate for HEFA fuel for different initial fuel temperatures.
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For high-speed, low-speed and infrared camera results, flame spread rate increased from
around 120 cm/sec up to 160 cm/sec by increasing initial fuel temperature from 60 o C to
70o C. Between initial fuel temperatures 70o C and 90o C it varied between 145 cm/sec and
160 cm/sec. In Figure 4.9, we cannot see transition from high flame spread rate to low
flame spread rate. The reason is that HEFA fuel was not able to ignite below 60 o C at the
maximum laser power of 400 mJ.

4.7

Jet-A

Figure 4.10 represents the average flame spread rates for Jet-A measured by thermocoup les,
visible and high-speed cameras. At the room temperature 25 o C using propane torch, the
flame spread rate was found to be 5.81 cm/sec and 5.92 cm/sec for thermocouple and
visible camera measurements respectively. However, at 55o C, the flame spread regime
started transitioning towards gas phase flame spread regime with the rate 30.65 cm/sec and
29.5 cm/sec for low-speed camera and high-speed camera measurements respectively. For
the initial fuel temperatures between 60o C and 80o C, Jet-A showed gas phase flame spread
behaviour having flame spread rate between 140 cm/sec and 170 cm/sec. As discussed
previously, thermocouple measurements were not used for flame spread calculations for
the tests above flashpoint, as those were not adequate data for the fast flame spread
measurements.

Figure 4.10. Flame spread rate for Jet-A fuel for different initial fuel temperatures.
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4.8

Fischer Tropsch-S8 (FT-S8)

Figure 4.11 shows the flame spread rates for FT-S8 fuel with high-speed camera, lowspeed camera, and the first and the last gas-phase thermocouple responses. However,
thermocouple responses are shown only at 25 o C of initial fuel temperature because the
thermocouple responses above the flashpoints were found inadequate as described in the
Appendix F. Therefore, it was possible to analyze flame spread rate using the thermocoup le
for the tests above flashpoint.

However, high-speed and low-speed results are in a

relatively good agreement, varying up to 20 cm/sec from each other. For high-speed and
low-speed camera results, from 52.5o C to 60 o C, the flame spread regime is in the transitio n
towards gas phase flame spread regime. For the initial fuel temperatures between 60o C and
100o C, FT-S8 showed gas phase flame spread behaviour having flame spread rate between
120 cm/sec and 170 cm/sec. Therefore, threshold between super-flash lean regimes to
super-flash stoichiometric regime as described by Li et al. is located between 50o C and
70o C for FT-S8 fuel.

Figure 4.11. Flame spread rate for FT-S8 fuel for different initial fuel temperatures.
4.9

Synthetic Iso-paraffin (SIP)

Figure 4.12 shows the flame spread rates for SIP fuel with high-speed camera, low-speed
camera, and infrared high-speed camera. The test at 25 o C of initial fuel temperature was
not included in this figure, because there was an induction time above 3 minute to preheat
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the fuel using the propane torch as SIP had a high flashpoint temperature. All the following
tests were completed by preheating SIP above flashpoint and igniting the fuel using the
laser.

All three cameras show the same trend of a change of flame spread rate. The temperature
range from 113o C to 120 o C, the flame spread regime is in the transition towards gas phase
flame spread regime. For the initial fuel temperatures between 120o C and 128o C, SIP
showed gas phase flame spread behaviour having flame spread rate between 145 cm/sec
and 175 cm/sec. Even though we can see transition regime between 113 o C and 120 o C, it
cannot be determined that the temperature range from 113o C to 120 o C is threshold between
super-flash lean regimes to super-flash stoichiometric regime because SIP fuel was not able
to ignite below 113o C with 400 mJ laser sparks, as described in the beginning of the section
4.

Figure 4.12. Flame spread rate for SIP fuel for different initial fuel temperatures above
the flashpoint.
4.10 Flame Spread Rates Comparison of Jet-A, HEFA, FT-S8 and SIP fuels
Figure 4.13 shows the flame spread rates for Jet-A, HEFA, FT-S8 and HEFA fuels at
different initial temperatures. There is one test point measured at 25 o C using propane torch
and every other data points have been collected using laser as an ignition source. Jet-A,
HEFA and FT-S8 with the flashpoints 38o C, 38o C and 40o C respectively show close results
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compared to each other because of the flashpoint similarities. However, SIP fuel is deviated
from the other three fuels because of its flashpoint, which is 110o C. Lowest temperature
for the sustained ignition was 52o C for FTS-8, 54o C for Jet-A and 58o C for HEFA. Flame
spread rate for all four fuels were stabilized after certain threshold temperature between
140 cm/sec and 160 cm/sec. That transition temperature could be described as the transitio n
from super-flash lean regime to super-flash stoichiometric regime as described by Li et al.
and it is around 60o C for Jet-A, HEFA and FT-S8 and around 125o C for SIP. Before the
transition temperature, there is a steep flame spread rate decline until no ignition point by
the laser. Lastly, the flame spread rates for Jet-A, HEFA and FT-S8 at 25o C were 5.98
cm/sec, 5.33 cm/sec and 5.72 cm/sec respectively. It is the region where the flame spread
was driven by a liquid motion below the fuel surface.
Super-flash lean regime

Super-flash stoichiometric
regime

Flashpoint for HEFA,
Jet-A and FT-S8

Flashpoint for SIP

Figure 4.13. Flame spread rates for Jet-A, HEFA, FTS-8 and SIP fuels at different initial
temperatures using high-speed camera data.
Based on the figure 4.13 results, a gradual flame spread rate increase for the liquid phase
flame propagation until the initial temperature reaches around 50 o C-60o C where the
transition from the liquid phase to gas phase flame spread happens. During the transitio n,
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the flame spread rate increases up to 155 cm/sec. Therefore, it is concluded that the
transition temperatures for Jet-A, FT-S8 are located approximately 10o C-20o C above the
flashpoint of the fuel. These results are close to the results of JP-8 (flashpoint 39o C) by
White et al., where the transition from the liquid phase to gas phase occurred around 19oC
above the flashpoint as shown in figure 4.14.

Figure 4.14. Flame spread rates comparison of Jet-A, HEFA and FT-S8 fuels with JP-8
fuel.
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5. CONCLUSIONS AND FUTURE WORK

The key findings of the present study are as follows:
1. A scaled, fuel temperature controlled pool fire apparatus with flame spread rate
diagnostics and visualization using multiple spectral cameras was completed.
2. The boundary condition effects are found to be minimal on the measurement of
flame spread rate in the current apparatus. Some of the boundary and initial condition
effects include the ignition source, the initial pool fire development region, the extinctio n
region and the extinguishment method. Even more importantly, the bottom boundary of
the current relatively shallow pool was controlled with a thermal fluid maintaining a
constant temperature and thus providing reference quality data for evaluation of theoretical
and numerical models and computer codes.
3. Four aviation fuels such as Jet-A, HEFA, FT-S8 and SIP were tested and showed
similarities and differences in their flame spread rates, details of the flame spread process
including the precursor flame and the diffusion flame behavior.
4. Thermocouples embedded in the gas phase above a certain height do not provide a
reliable measurement of flame spread rate for the tests above the flashpoint of the fuel.
5. Visible low-speed, high-speed cameras and IR camera provide consistent
measurements of the flame spread rates and is recommended to be used for all related future
studies.

Based on the performed experiments, there are several suggestions for the further studies
related the flame spread over the aviation fuels:
1. Computational analysis is recommended for comparison with the experimenta l
results and for limiting the number of experiments.
2. Different locations and power of the ignitions sources needs to be studied for the
flame initiation.
3. Additional variables such as airflow, room temperature, pressure and humidity are
relevant for future studies of flame spread.
4. Different types of fire suppressant will be studied to understand their effect on flame
spread rate.
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APPENDIX A. ENGINEERING DRAWINGS

Figure A 1. Top section of the pan drawing.
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Figure A 2. Bottom section of the pan drawing.
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Figure A 3. Left end plate of the pan drawing.
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Figure A 4. Right end plate of the pan drawing.
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Figure A 5. The lid of the pan drawing.
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Figure A 6. Fuel heating vessel drawing.

APPENDIX B. PLUMBING AND INSTRUMENTATION DIAGRAM

Figure B 1. Plumbing and Instrumentation Diagram (P&ID).
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APPENDIX C. TEST PROCEDURES

Table C 1. Test Procedures.
0

1.00
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.1
1.11
1.12

0. SAFETY
Verify Personal Protective Equipment (PPE) ready for use:
Wear Safety Glasses
Wear Nitrile Gloves
Wear Respirator
Wear Fire-safety coats
1. TRANSPORTING TEST FUEL FROM TEST FUEL DRUM
Wear Nitrile gloves
Wear Safety Glasses
Take a 5 gallon kerosene can and wash it with isopropyl alcohol
Dump the used isopropyl solution into another 5 gallon kerosene can
Take kerosene can and isopropyl alcohol bottle to the backyard of ZL3 where all fuel drums are placed and
identify the test fuel drum (All test fuel drums are named accurately)
Take bung tool from high pressure lab machine shop to open the test fuel drum plug
Take siphon from fuel drum shed and wash it with isopropyl alcohol
Open the test fuel drum plug
Siphon ~3 gallons of test fuel from 55 gal test fuel drum into kerosene tank
Close test fuel drum plug
Wash siphon with isopropyl alcohol and keep siphon back in fuels' drum shed
Put back bung tool in high pressure lab machine shop
Bring back kerosene tank filled with test fuel to 121A.
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Table C 1 (continued).
Remove nitrile gloves

2.00
2.01
2.02
2.03
2.04
2.04.1
2.04.2

2. PREPARING THE RIG
Turn on laser warning lights outside both doors of 121A
Turn on exhaust fan to the maximum
Put on nitrile gloves and a respirator
Check all connections - bolts and nuts & cylinders & valves
Start-up Quanta-Ray laser
Turn on tap water valve to laser for external cooling (water pressure should be around 40 psi)
Turn on N 2 to laser (N 2 flow rate should be 0.03 scfh). Never operate the laser without N 2 flushing

2.04.3
2.04.4
2.04.5
2.04.6
2.04.7
2.04.8
2.04.9
2.04.10
2.04.11
2.04.12
2.05
2.05.1
2.05.2
2.05.3
2.05.4

Check cable connections (match colors between cables and cable plugs)
Check the power supply front panel CIRCUIT BREAKER is turned on
Turn on the power supply front panel KEY switch
Set the remote REP RATE SOURCE to EXT
Set the remote Q-SWITCH MODE to EXT
Set the remote INT/COMPUTER to INT
Set the remote LAMP ON/INHIBIT to LAMP ON
Verify all covers are on
Temporarily push out the ENABLE switch
Warm up the laser for 15 minutes
Software Settings for the laser
Turn on the computer for the laser
Turn on the software "Insight" and open "default configuration"
Set TRIGGER mode and SEQUENCE mode
Set a number of sequence as what you want
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1.13

Table C 1 (continued).
2.05.5
2.05.6
2.05.7
2.06
2.06.1
2.06.2
2.06.3
2.06.4
2.06.5
2.06.6
2.07
2.07.1
2.07.2
2.07.3
2.07.4
2.07.5
2.07.6
2.08
2.08.1
2.08.2
2.08.3
2.08.4
2.08.5
2.08.6

Click laser shutting button two times
Slowly increase OSC(or AMP or both based on required ignition energy) LAMP ENERGY to the level at the remote
Once you check there is a spark, Click laser stop button one time. Then, Q-switch will be off and flash lamps will keep
running
Check operation of lid-actuation system
Open manual valve connected to shop-air supply
Adjust shop-air pressure to 50 psi
Press the push-button to open the lid ( push-button should be continuously pressed)
Release the push button to close the lid
Adjust the shop-air pressure to 0 psig
Open the lid manually
Check operation of CO2 fire extinguisher system
Fully open the CO2 cylinder valve
Check for any leakages in pipeline
Open the ball valve installed in CO2 pipeline
Check manually for low CO2 spray velocity from nozzles
Close the CO2 cylinder valve
Close the ball valve installed in CO2 pipeline
Thermocouple Connections
Check all thermocouples' connections
Use a Vernier caliper and adjust gas-phase thermocouples tip at 10 mm above test pan bend
Use Vernier caliper and adjust liquid-phase thermocouples tip at 3 mm below the test pan bend
Switch on Lenovo laptop placed inside DAQ control box
Remotely connect personal laptop to Lenovo laptop using "Remote Desktop Connection" options in Windows
Connect to Lenovo system using credentials - Username: Test Operator and Pwd: lfdaq
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Table C 1 (continued).
2.08.7
2.08.1
2.09
2.09.1
2.09.2
2.09.3
2.09.4
2.09.5
2.09.6
2.09.7
2.09.8
2.09.9

2.10
2.10.1
2.10.2
2.10.3
2.10.4
2.10.5
2.10.6

Open "Top level GUI" and load "Pool fire.ini" file
Check response of all thermocouples
High Speed Camera installation
Open high speed camera box and take out camera, Ethernet cable, power cord and camera lens
Place tripod at 8 feet distance from rectangular pan on a table placed opposite to pool.
Adjust height of tripod 28 inches from table surface and 7 inches from table left side when viewed while facing the table.
Mount the camera on tripod
Connect power cord to camera
Mount camera lens
Open laptop that comes along with high speed camera and open Phantom camera control (PCC) software
Connect Ethernet cable from camera to the laptop and connect PCC software to the camera
Make the following adjustments to camera settings
Camera exposure time : 150µs
Resolution: 800x400
Frame rate: 100 fps (vary fps depending on flame spread rate and high speed camera frame number)
Regular Camera installation
Open regular camera box and take out camera and power cord
Place tripod at 6.5 feet distance from rectangular pan in front of the table placed opposite to pool
Adjust height of tripod 20.5 inches from table surface and 1 inch from table left side when viewed while facing the table
Mount the camera on tripod
Connect power cord to camera
Make the following adjustments to camera settings
Camera exposure time : Auto-exposure
Resolution: 640 x 512
Frame rate: 30 fps
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Table C 1 (continued).
2.11
2.12
2.13.1
2.13.2
2.13.3
2.13.4
2.13.5
2.13.6
2.13.7
2.13.8
2.13.9
2.13.10
2.13.11
2.13.12
2.13.13
2.14

Open the exhaust speed at speed number 8
Fuel heater operation and fuel filling procedure
Check if all the valves connected to the stainless steel vessel and the bottom pan are closed.
Pour 3 gallons of fuel into the stainless steel vessel
Open the N2 cylinder valve
Open the manual valve MV_N01
Adjust N2 downstream pressure to 10 psi
Open all the manual valves connected to the bottom pan and stainless steel heating vessel
Turn on the fuel re-circulator heater
Set the oil temperature to desired temperature
Press "OK" button on the fuel re-circulator heater, it will start the circulation and heating process
Monitor the pan temperature via 3 surface thermocouple probes
Monitor fuel temperature in the stainless steel vessel using k-type calibrated thermocouple meter
After desired temperature is reached, open valve MV_F01 and MV_F03
After test pan is filled with fuel, close MV_F01 and MV_F03
Remove nitrile gloves
3. CONDUCTING THE TEST

3.00
3.00
3.01
3.02
3.03
3.04

Wear Fire-safety coats
Open the CO2 cylinder valve - Operator 1
Press the push-button switch to open the lid - Operator 1
Start recording camera videos - Operator 2
Start recording thermocouple data - Operator 2
Click capture button one time at Insight computer software for laser ignition

54

Table C 1 (continued).
3.05
3.06
3.07
3.08
3.09
3.10
3.11
3.12

If ignition does not happen, redo 3.04. Make it sure the video recording still have enough number of frame to record the
event
Record flame spread event with all cameras until flame reaches the other end of the pool
Release the push-button switch to close the lid after lead operator signal- Operator 1
Look around the edges of the pool-lid to ensure that there are no residual flames emerging from these edges
Open the CO2 ball-valve to extinguish the fire, if fire is not extinguished after closing the lid - Operator 1
Close the CO2 ball valve
Close the CO2 cylinder valve
Take off Fire-safety coats

4.00
4.01
4.02
4.02.1
4.02.2
4.02.3
4.02.4
4.02.5
4.02.6
4.02.7
4.02.8
4.02.9
4.03
4.04

4. POST-TEST PROCEDURES
Adjust shop air pressure to 0 psig connected to solenoid valve for lid operation
Open the lid manually
Shut-off Quanta-Ray laser
Block the laser beam with a beam trap ( or a laser shield)
Click laser-shutting button once. The laser will be firing
Reduce slowly the laser power to zero by turning LAMP ENERGY control to START
Click laser stop button twice
Allow the laser the current status for 30 minutes to cool down the flash lamps, the rod, and the crystal
After 30 minutes, press the STOP button at the remote
Turn off the power supply front panel KEY switch
Leave CIRCUIT BREAKER as turned on. This keeps watching the crystal's temperature inside the laser
Leave N2 cylinder and the valve as opened. Close these after at least 24 hours
Reduce the set temperature point of the thermal fluid to 20°C to initiate effective cooling
Check the fuel pool temperature from installed liquid-phase thermocouples
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Table C 1 (continued).
4.05
4.06
4.07
4.08
4.09
4.10
4.11
4.12
4.13
4.13.1
4.13.2
4.13.3
4.13.4
4.13.5
4.14
4.14.1
4.14.2
4.14.3
4.14
4.15

Wait for fuel pool to cool down to room temperature
Open the valve MV_F03 and MV_F02 to dispense tested fuel into kerosene tank
Stop pumping the thermal fluid
Close all the valves connected to the stainless steel vessel and re-circulator heater.
Close N2 cylinder valve, and open the manual valve MV_F01 and MV_N01 in order to remove N2 in the tube
Clean the test pan, stainless steel vessel with iso-propyl alcohol
Copy the recorded camera data into hard-drive for analysis
Copy thermocouple data into hard-drive for analysis
Packing High Speed Camera
Close the PCC software
Disconnect Ethernet cable from laptop and camera
Disconnect power cord from high speed camera
Unmount high speed camera from tripod
Pack the camera box
Packing Regular Camera
Disconnect power cord from high speed camera
Unmount high speed camera from tripod
Pack the camera box
Close the exhaust fan
Dump the tested fuel into 55 gallon kerosene waste fuel tank placed at backyard of ZL3
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APPENDIX D. ADDITIONAL DATA - JET-A

Flashpoint

Figure D 1. Gas phase thermocouple data for Jet-A at Tinitial = 25o C.
Table D 1. Flame tip arrival times at each thermocouple for Jet-A at 25o C.
Time at each TC
for different
temperature
lines (in
seconds)
Starting point

TCG1

TCG2

TCG3

TCG4

TCG5

TCG6

TCG7

TCG9

0

5.39

7.53

9.76

11.97

14.85

16.7

21.74

Flashpoint
(38 o C)
100 o C

0.61

5.61

7.82

9.99

12.03

14.92

16.93

21.22

4.24

7.46

9.2

11.94

13.66

16.34

18.11

23.16

200 o C

6.66

8.86

10.95

13.54

15.35

17.82

20.03

24.64

300 o C

8.94

10.9

12.98

15.5

17.32

19.88

22.01

26.69

400 o C

11.37

14.23

16.59

17.67

19.76

22.5

24.71

29.57

Table D 2. Average flame spread rates measured for Jet-A at 25o C using different
temperature lines from the gas phase thermocouple data.
Temperature
lines
Average flame
spread rate
(cm/sec)

Starting
point
5.68

Flashpoint

100 o C

200 o C

300 o C

400 o C

5.83

6.33

6.33

6.45

6.81
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Figure D 2. Gas phase thermocouple data for Jet-A at Tinitial = 80o C.
Note: For Jet-A fuel at initial temperature 80o C, all gas phase thermocouples start rising
within the first 0.3 seconds, and that means that flame spread rate would be above 300 cm
per second if we used thermocouple data to measure the flame spread rate. However, the
high-speed and visible camera recordings have shown that flame spread rate is around
150 cm/sec for 80o C. Therefore, thermocouple data is an inadequate source for flame
spread measurements for the tests above flashpoint.
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TCG_1: HS (t = 0 sec), VS (t = 0 sec)

TCG_4: HS (t = 0.335 sec), VS (t = 0.36 sec)

TCG_1: HS (t = 0.0 sec), VS (t = 0.0 sec)

HS

HS

VS

VS

TCG_7: HS (t = 0.605 sec), VS (t = 0.62 sec)

HS

TCG_9: HS (t = 0.75 sec), VS (t = 0.77 sec)

HS

VS
VS
o
Figure D 3. High-speed and visible camera images for Jet-A at Tinitial = 80 C.
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APPENDIX E. ADDITIONAL DATA – HEFA

Flashpoint

Figure E 1. Gas phase thermocouple data for HEFA at Tinitial = 25o C.
Table E 1. Flame tip arrival times at each thermocouple for HEFA at 25 o C.
Time at each
TC for
different
temperature
lines (in
seconds)

TCG1

TCG2

TCG3

TCG4

TCG5

TCG6

TCG7

TCG8

TCG9

Starting point

0

5.18

7.82

10.29

12.45

15.71

17.42

20.75

22.75

Flashpoint
(38 o C)

2.03

5.88

8.37

10.84

12.74

15.78

17.66

20.89

23.03

100 o C

5.03

7.79

9.6

12.7

14.78

17.49

19.19

22.56

25.37

200 o C

6.98

9.79

11.28

14.46

16.31

18.92

21.15

24.01

27.46

300 o C

8.87

11.97

13.98

17.26

18.58

21.05

23.22

26.44

29.48

Table E 2. Average flame spread rates measured for HEFA at 25 o C using different
temperature lines from the gas phase thermocouple data.
Temperature
lines

Starting point

Flashpoint

100 o C

200 o C

300 o C

Average flame
spread rate
(cm/sec)

5.48

5.65

6.20

5.87

5.93
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APPENDIX F. ADDITIONAL DATA – FT-S8

Flashpoint

Figure F 1. Gas phase thermocouple data for FT-S8 at Tinitial = 25o C.
Table F 1. Flame tip arrival times at each thermocouple for FT-S8 at 25o C.
Time at each TC
for different
temperature
lines (in
seconds)
Starting point

TCG1

TCG2

TCG3

TCG4

TCG5

TCG6

TCG7

TCG8

TCG9

0

3

6.23

8.78

11.03

13.27

15.85

17.66

20.02

Flashpoint
(38 o C)
100 o C

1.65

4.03

7.4

9.56

11.43

13.79

15.99

17.88

20.12

4

6.17

8.53

10.82

12.83

15.41

17.1

19.14

21.6

200 o C

5.53

7.99

10.16

12.54

14.12

16.83

18.62

20.56

22.87

300 o C

7.78

10.61

12.13

14.75

16.8

18.55

20.51

22.41

25.02

Table F 2. Average flame spread rates measured for FT-S8 at 25o C using different
temperature lines from the gas phase thermocouple data.
Temperature lines
Average flame
spread rate (cm/sec)

Starting point

Flashpoint

100 o C

200 o C

300 o C

5.76

5.88

6.45

5.69

4.95
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Figure F 2. Gas phase thermocouple data for FT-S8 at Tinitial = 80o C.
Note: The first gas phase thermocouple TCG 1 only starts to rise at t=0.06 s and last gas
phase thermocouple TCG 9 starts to rise at t=1.15 s even though some of the thermocouples
start to rise before the first gas phase thermocouple which makes the thermocouple data
above the flashpoint inadequate for the flame spread measurements.
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TCG_4: HS (t = 0.29 sec), VS (t = 0.3 sec)

TCG_1: HS (t = 0.0 sec), VS (t = 0.0 sec)

HS

HS

VS

VS

TCG_7: HS (t = 0.61 sec), VS (t = 0.63 sec)

TCG_9: HS (t = 0.78 sec), VS (t = 0.83 sec)

HS

HS

VS

VS

Figure F 3. High-speed and visible camera images for FT-S8 at Tinitial = 80o C.
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APPENDIX G. ADDITIONAL DATA – SIP

Figure G 1. Gas phase thermocouple data for SIP at Tinitial = 25o C.
Table G 1. Flame tip arrival times at each thermocouple for SIP at 25 o C.
Time at each TC
for different
temperature lines
(in seconds)
Starting point

TCG1

TCG2

TCG3

TCG4

TCG5

TCG6

TCG7

TCG8

TCG9

0

7.38

12.88

17.28

23.04

25.07

28.63

31.52

35.28

100 o C

2.44

9.52

16.5

20.45

23.67

27.85

30.39

33.7

36.49

200 o C

4.39

11.83

18.18

22.5

25.8

29.29

32.19

35.4

38.08

300 o C

7.75

14.21

20.42

25.11

28.25

31.84

34.56

37.62

39.92

Table G 2. Average flame spread rates measured for SIP at 25o C using different
temperature lines from the gas phase thermocouple data.
Temperature lines
Average flame spread
rate (cm/sec)

Starting point
3.68

100 o C
412

200 o C
3.75

300 o C
3.95
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Figure G 2. Gas phase thermocouple data for SIP at Tinitial = 128o C
Note: The first gas phase thermocouple TCG 1 only starts to rise at t=0.26 s and last gas
phase thermocouple TCG 9 starts to rise at t=0.96 s even though some of the thermocouples
start to rise before the first gas phase thermocouple which makes the thermocouple data
above the flashpoint inadequate for flame spread measurements.
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HS

HS

VS

VS

Figure G 3. Images of the flame approaching fourth gas phase thermocouple (on the left)
and seventh gas phase thermocouple (on the right) using high-speed (HS) and visible
(VS) cameras for SIP at Tinitial=128o C.
IR

IR

Figure G 4. Images of the flame approaching fourth gas thermocouple (on the left) and
seventh gas phase thermocouple (on the right) using infrared camera for SIP at
Tinitial=128o C.
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